Nanocrystalline yttria-stabilized zirconia powders, synthesized by the citrate nitrate gel combustion route, with yttria concentration varying from 8 to 12 mol% were studied by in situ high temperature X-ray diffraction in the temperature range of 25-1000 • C. The sample obtained has a high specific surface area of 35 m 2 /g while calculated surface area was around 123 m 2 /g. The in situ high temperature X-ray diffraction study revealed that crystallite size remains in the range of 7-9 nm up to 800 • C and then rapidly grows up to 21-23 nm upto 1000 • C; only holding the material at 1000 • C for 30 minutes can promote grain growth in the range of 42-49 nm. Coefficient of thermal expansion ranges from 9.65 to 9.03 ppm/ • C for 8-12 mol% nanocrystalline yttria-stabilized zirconia.
Introduction
Solid oxide fuel cell (SOFC) is a solid state fuel cell, without the presence of any liquid, operating at approximately 800-1000 • C. In addition to the advantages of fuel cells, the high operating temperature renders several other benefits for SOFC, such as a simple gas supply system without any requirement for external reformer, generation of high quality heat which can be utilized for other purposes, use of a wide variety of fuels, and rapid reaction kinetics [1] . Therefore the SOFC is considered to be the best environment friendly distributed power sources in the foreseeable future.
The fuel cell consists of a dense oxide ion-conducting electrolyte and two porous electrodes. Yttria-stabilized zirconia (YSZ) is most commonly used as the electrolyte in the SOFC because of its high ionic conductivity and desirable chemical stability in both oxidizing and reducing atmospheres. The other common materials are nickel/YSZ cermet for the anode, substituted lanthanum manganite for the cathode, and substituted lanthanum chromite for the interconnect material due to their chemical stability, electronic conductivity, and electrochemical properties [2] . Also, ferritic steels have been used as a low-cost and well-workable interconnect material [3] .
As all SOFC components are solid, mismatches of coefficients of thermal expansion (CTEs) between the materials can become a serious problem during fabrication or at thermal cycles during operation. The high operating temperature causes severe problem to the materials due to the microstructural change of each cell component, solid state reaction between the electrolyte and electrodes and thermal cycling. It is essential for SOFC stack that an electrolyte must have the almost same coefficient of thermal expansion (CTE) as those of electrodes over the whole temperature range of operation. Especially in the case of anode supported SOFCs [4] , the difference in CTE between electrolyte and anode substrate leads to significant thermoelastic bending of the cells [5, 6] causing cell fracture in stack assembling in the worst case. In order to reduce the bending and to make planar SOFCs a reliable technology, the CTE of the YSZ electrolyte has to be tailored. Therefore, measuring the intrinsic CTE value of YSZ materials is important.
In this research work, in situ high-temperature X-ray diffraction was carried out to study the CTE and crystallite 2 ISRN Nanotechnology growth behavior with temperature and time. Crystallite size change has been studied in view of possible change in microstructure of electrolyte during operation.
Materials and Method
Zirconium oxychloride octahydrate, ZrOCl 2 ·8H 2 O (99%, Indian Rare Earth Ltd., Mumbai, India), Yttria, Y 2 O 3 (99.9%, Indian Rare Earth Ltd.), citric acid (Central Drug House (P) Ltd., New Delhi, India), and nitric acid (Merck, Mumbai, India) used were of analytical reagent grade. 8-12 mol% YSZ materials were prepared by citric acid combustion route. The procedure of the citric acid combustion route has already been reported [7] . The powder obtained after calcination was deagglomerated using isopropanol as solvent in a planetary ball mill using zirconia grinding media for 24 hours. X-ray diffractometry was carried out for the purposes of phase identification, determination of precise lattice parameter, X-ray density, crystallite size, coefficient of thermal expansion (CTE), and rate of grain growth with temperature and time. The powders were characterized by high temperature X-ray diffractometer (special attachment no. HTK 1200, Anton Paar, Austria, Europe) of XPert, MPD, PAnalytical B.V., Almelo, The Netherlands. Cu target was used for diffraction by CuKα radiation. K β radiation was eliminated by nickel filter. The powder samples were placed on the spinner attachment to get reasonable randomness. The measurement was carried out in the angular region of 2θ = 20-80 • with a step size of 0.005 • in the temperature range of 25-1000 • C. The temperature was raised at a rate of 10 • C per minute, and the scan rate was kept 0.00021 • . The raw X-ray diffraction (XRD) data was processed by removing Kα 2 . The XRD data were suitably processed for background reduction and smoothening using fast Fourier method. This method involves measurement of lattice parameter of solid solution or compounds as a function of temperature. Lattice parameter of the material varies with the concentration of the component materials. Any change in concentration of component materials or temperature produces a significant change in lattice parameter. This change can be detected by high temperature XRD (HTXRD), but the precise measurement is necessary to have the accurate measurement of lattice parameter [8] . In this context, lattice parameter has been determined using the following [8] :
where a o , K, and a are the true lattice parameter, constant and calculated lattice parameter, respectively. The value of a computed for each line on the pattern has been plotted against cos 2 θ, a straight line was obtained, and a o was found by extrapolating this line to cos 2 θ = 0. The lattice parameter was measured at various temperatures like 25, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 • C. CTE (α) has been measured using the following:
where lp 1 and lp 2 are the lattice parameter at temperatures t 2 and t 1 , respectively.
The pattern of grain growth with increase in temperature and time was studied by change in crystallite size. The crystallite sizes at various temperatures were determined using Scherrer relation, D = 0.94λ/β cos θ, where D is the crystallite size, λ is the wavelength of CuKα radiation (1.5406Å), λ is full width at half maxima (FWHM) of the broadening of the diffraction line, and θ is half the angle of diffraction. Instrumental broadening was eliminated from the raw XRD data using the following:
where β s is the system broadening which was found using a polycrystalline silicon standard sample, and β m is the observed broadening in the XRD raw data of the YSZ sample [8] .
The specific surface area (SSA) of the powders was measured by Brunauer-Emmett-Teller (BET) method (Sorptomatic 1990, Thermo Fennigan, Rodano (MI), Italy) by determining the amount of nitrogen gas absorbed as a monomolecular layer on the sample. SSA was also calculated from the crystallite size obtained from Scherrer equation using XRD data, assuming the presence of spherical particles. SSA was measured using the following [9] :
Result and Discussion
The materials under study in this research work had been cubic in structure and were randomly oriented. Therefore, linear coefficient of thermal expansion is sufficient to explain their three-dimensional coefficient of thermal coefficient. Normal practice among the researchers is to adopt the dilatometry method for determination of CTE using sintered samples. However, dilatometry of the sintered samples does not preclude the effects of the porosity and their shape, size, and distribution pattern and their contribution towards achieving the true CTE. It often makes difficult to find the accurate CTE of the materials due to the said extrinsic parameters. In this research programme, emphasis was given to find out the true and intrinsic CTE of YSZs by adopting high temperature X-ray diffractometry and analyzing the expansion of respective lattice parameters. This method is intrinsic in nature and excludes the effects of variants of porosities, and so forth. Figure 1 gives the multiple plots of the high temperature powder XRD profiles of the sample scanned between room temperature (25 • C) and 1000 • C. The HTXRD profiles were subjected to correction described in experimental to obtain information about the change in the crystallite size and lattice parameters of the sample as a function of temperature. Figure 2 shows the pattern of the increase in lattice parameter, "a," with respect to the systematic temperature variation from room temperature of 25 • C to 1000 • C. Linear increase in lattice parameter, "a," is observed in Figure 2 . The plot shows a linear increase in the value of the lattice parameter "a." Hence an increase in the unit cell volume as a function of temperature can be observed. The reason behind this is the continuous increase in lattice parameter with increase in temperature. The CTE values are given in Table 1 . From the values given in Table 1 , it is observed that CTE is increasing with temperature and decreasing with increase in yttria concentration in zirconia. This observation is in good agreement with those by Tsukuma et al. [10] , Yasuda and Hishinuma [11] , and Hayashi et al. [12] . But the present work shows that CTEs of YSZ compounds differ from those obtained by them. This difference may be due to the different procedures adopted by different authors. The above-mentioned authors used dilatometer to obtain CTEs for YSZs, while high temperature XRD has been used for the same purpose in the present investigation. An increasing trend in CTE of a solid solution is observed as the solute concentration of the solid solution increases, depending on the condition that lattice parameters of the solute are larger than those of the solvent [11] . But yttria-stabilized zirconia does not follow this trend. Tsukuma et al. explained this diversified observation by pair correlation function of ions using molecular dynamics simulation [10] . The yttrium-oxygen (Y-O) and zirconium-oxygen (Zr-O) distances obtained from pair correlation function are 0.23 and 0.21 nm, respectively, when they are not in combination with each other. But the distances between cations and anion were observed to decrease when they were combined as a compound. The decrease of the distances increases the binding energy of the ions. This higher binding energy resists the separation of the ions from one another. As a consequence, decrease in coefficient of thermal expansion of YSZ is observed as the yttria content is increased [10] . Figure 3 shows the variation of crystallite size with temperature. It is well established that heat treatment has a pronounced effect on crystallites. It is also widely reported that normally the crystallites grow at elevated temperatures at which solid state diffusion is significant. Crystallite sizes are primarily dependent on temperature and the soaking period at that temperature. High temperature XRD was carried out on the phase pure powders obtained by the combustion reaction followed by heat treatment at 550 • C. Crystallite sizes were calculated from the refined high temperature XRD plots using Scherrer formula. It is observed that nearly up to 800 • C the change in crystallite sizes remained insignificant. Lack of adequate activation energy for solid state diffusion required for crystallite growth had been the primary reason. Beyond 800 • C, there had been exponential growth in crystallite size as can be seen in the plot. This signifies that about 800 • C and beyond the activation energy is sufficient enough for solid state diffusion for promotion of rapid growth of crystallite sizes of the YSZ samples. In this experiment, a systematic heating schedule was maintained from room temperature to 1000 • C. However, at the end point of the temperature, in this case at 1000 • C, a soaking period was provided for thirty minutes to study the effect of soaking period at a temperature. It is observed that there had been pronounced effect of soaking period on the growth of crystallite size. The sample has a BET surface area of the sample (35 m 2 /g) obtained by the nitrogen adsorption experiment. The BET surface area is not comparable to the specific surface area (123 m 2 /g) calculated from the crystallite size. Therefore, it can be concluded that the YSZ nanopowders are agglomerated.
Conclusion
Intrinsic coefficient of thermal expansions observed range from 9.65 to 9.03 ppm/ • C in the temperature range of 25-1000 • C. Effect of temperature on crystallite size was observed. There had been exponential growth in crystallite size beyond this temperature. Nearly up to 800 • C, size of crystallite does not show any significant change with increase in temperature, and beyond 800 • C abrupt change occurs. The adequate activation energy for promoting ions from one side of the crystallite boundary to the other side is obtained at temperatures higher than 800 • C.
